The loss of Fragile X mental retardation protein (FMRP) causes Fragile X syndrome, the most common inherited mental retardation and single gene cause of autism. Although postsynaptic functions for FMRP are well established, potential roles at the presynaptic apparatus remain largely unexplored. Here, we characterize the expression of FMRP and its homologs, FXR1P and FXR2P, in the developing, mature and regenerating rodent nervous system, with a focus on presynaptic expression. As expected, FMRP is expressed in the somatodendritic domain in virtually all neurons. However, FMRP is also localized in discrete granules (Fragile X granules; FXGs) in a subset of brain regions including frontal cortex, hippocampal area CA3 and olfactory bulb glomeruli. Immunoelectron microscopy shows that FMRP is localized at presynaptic terminals and in axons within these FXG-rich regions. With the exception of the olfactory bulb, FXGs are prominent only in the developing brain. Experiments in regenerating olfactory circuits indicate that peak FXG expression occurs 2-4 weeks after neurogenesis, a period that correlates with synapse formation and refinement. Virtually all FXGs contain FXR2P, while region-selective subsets harbor FMRP and/or FXR1P. Genetic studies show that FXR2P is essential for FXG expression, while FMRP regulates FXG number and developmental profile. These findings suggest that Fragile X proteins play a distinct, presynaptic role during discrete developmental epochs in defined circuits of the mammalian CNS. We propose that the neurological defects in Fragile X syndrome, including the autistic features, could be due in part to the loss of FMRP function in presynaptic compartments.
Introduction
Fragile X syndrome (FXS) is a synaptic disease that is the most common single gene cause of mental retardation and autism (O'Donnell and Warren, 2002; Pickett and London, 2005) . In almost all cases, FXS is caused by silencing of the FMR1 gene and the resultant absence of its product, Fragile X mental retardation protein (FMRP) . FXS presents as developmental delay at ϳ2-3 years of age. In affected patients, cognition is severely impaired resulting in mental retardation and dysfunctional executive control. Hyperactivity, seizures and hypersensitivity to sensory stimuli are also typical.
FMRP and its homologs, FXR1P and FXR2P, are RNAbinding proteins that are highly expressed in the developing brain. The best-characterized function of FMRP is in protein synthesis-dependent synaptic plasticity, which occurs at least in part postsynaptically. For example, FMRP levels are transiently elevated in dendrites of the visual cortex of dark-reared/lightexposed rats (Gabel et al., 2004) and both human FXS patients and mouse fmr1 knock-outs display elongated dendritic spines. mGluR-dependent long-term depression is also abnormal in these mutant animals (Huber et al., 2002) . However, several lines of evidence suggest a potential axonal or presynaptic role. In Drosophila, mutations in the sole homolog dfmr cause defects in axonal targeting and arborization, as well as misregulated presynaptic structure (Zhang et al., 2001; Michel et al., 2004) . In rodents, FMRP is expressed in the axons of cultured hippocampal neurons, where its absence alters growth cone dynamics (Antar et al., 2006) . Moreover, in axons of striatal GABAergic neurons, FMRP absence correlates with a dysregulation of GABA release (Centonze et al., 2008) . Together, these observations suggest the hypothesis that FMRP has discrete functions during early developmental periods of robust synaptic formation and plasticity, and that some of these functions could involve a presynaptic locus of action. We have therefore assessed the expression of FMRP and its homologs, FXR1P and FXR2P, in the developing mammalian brain, with particular attention to potential axonal or presynaptic expression.
In agreement with earlier work, we observe that the three members of this protein family are expressed in the soma and proximal dendrite of virtually every neuron. However, FMRP, FXR1P, and FXR2P are also present in granules (FXGs) that are restricted to axons and the presynaptic apparatus in a subset of neural circuits. These FXGs are expressed during defined developmental epochs that correlate with periods of robust synaptic plasticity. Moreover, FXG expression is upregulated during reinnervation of lesioned olfactory glomeruli, with peak expression observed during the period of synaptic refinement. Genetic approaches revealed that FXG expression requires FXR2P, while loss of FMRP results in exaggerated and persistent FXG expression. Together, our findings suggest that the Fragile X protein family is likely to play a presynaptic role at a defined subset of synapses. The developmentally restricted pattern of expression suggests a function for presynaptic translation at these synapses during particularly plastic periods. Moreover, the neurological, cognitive and autistic defects in FXS may be due, at least in part, to abnormalities in the presynaptic compartment in these selected circuits.
Materials and Methods
Animals. C57BL/6 wild-type or fmr1 KO mice (Jackson Laboratories) were deeply anesthetized by Halothane inhalation before perfusion with ice-cold PBS, followed by 4% sucrose/4% paraformaldehyde in PBS. Tissue from FXR2 null mice (Bontekoe et al., 2002) and matched wildtype controls was generously provided by Jennifer Darnell (The Rockefeller University, New York, NY). All work with animals was performed in accordance with protocols approved by Brown University Institutional Animal Care and Use Committee. After perfusion, animals were decapitated and intact brains were carefully removed and postfixed in 50 ml of 4%sucrose/4% paraformaldehyde PBS overnight at 4°C. Brains were then halved, and 2-3-mm-thick sagittal tissue slabs (from midline, to maximize sucrose penetration) were passed through graded sucrose/ PBS solutions to 30% (w/v) over the course of 3 d. Cryoprotected brain slabs were embedded in OCT medium by rapid freezing (15 s submersion in LN2 cooled isopentane) and stored at Ϫ80°C until sectioned. Sagittal sections of OCT embedded brains were prepared using a Leica cryostat at 30 m, and stored in PBS at 4°C until use for immunolabeling.
Antibodies. For labeling of FMRP, the following antibodies and concentrations were used: mAb 2F5-1 [1:1; raised against a H6 fusion of 1-200 aa human FMRP protein; A. Tartakoff, Case Western Reserve University, Cleveland, OH; Gabel et al. (2004) ], mAb 1C3 (1:500; Millipore) or 7G1-1 (1:1; identifying amino acids 354 -368 of human FMRP; Developmental Studies Hybridoma Bank). Unless otherwise noted, all figures use 2F5-1 for FMRP labeling. Double-label immunofluorescence was performed by incubation of mAb 2F5-1 with the following antibodies and concentrations: rabbit anti-FXR2P (1:500; pAb1937) and anti-FXR1P (1:100; pAb2107) were gifts from A. Hoogeveen (Erasmus University, Rotterdam, The Netherlands). Human antisera IC6 and 18033 to GW182 (Eystathioy et al., 2003; Moser et al., 2007) were a gift from Marvin Fritzler (University of Calgary, Calgary, Alberta, Canada). Rabbit antibodies to CYFIP1 and CPEB3 (Huang et al., 2006) were generous gifts from Claudia Bagni (Catholic University of Leuven, Leuven, Belgium) and Joel Richter (University of Massachusetts Medical School, Worcester, MA), respectively. We also used antibodies to calbindin (Millipore; 1:2500), olfactory marker protein (OMP) (Wako; 1:20,000) and MAP2 (Millipore, AB5622; 1:250). Secondary antibodies used were purchased from Invitrogen and were used to 1:1250 in the following pairs, depending on the species of primary antibodies used: Alexa 488 conjugated goat anti-mouse IgG (HϩL) and Alexa 546-conjugated goat anti-rabbit (HϩL) or Alexa 488 conjugated donkey antimouse (HϩL).
Immunohistochemistry. Free-floating sections of tissue fixed as described above were incubated with 0.08% NaBH 4 for 15 min to decrease background autofluorescence, then washed twice for 2 min in PBS before antigen retrieval by incubation with mild agitation in 0.01 M sodium citrate, pH 6.0, at 75°C for 45 min. This antigen retrieval step greatly increased the detection of FMRP in these tissue samples while allowing good preservation of morphology. Samples were then slowly cooled to Figure 1 . Two classes of FMRP-containing structures in the olfactory bulb. A, FMRP was expressed in the somata and proximal dendrites of all major neuron types in the olfactory bulb. B, FMRP was expressed in olfactory sensory neuron somata in the olfactory epithelium (FMRP, green; OMP, red). C, High magnification of the glomerular layer revealed a second class of FMRP-containing structures, termed FXGs, that are discrete, granular, and selectively localized to the glomerular neuropil (arrows) and olfactory nerve layer (ONL) (arrowheads). Note that FXGs are not detected in the synapse-rich external plexiform layer (EPL; asterisk). Controls, Neither the somatodendritic staining nor FXGs were observed in experiments in which fmr1 null mice sections were incubated with anti-FMRP antibody (D), or wild-type sections were labeled with an equal concentration of irrelevant IgG (E). GL, Glomerular layer; MBL, mitral cell body layer; GCL, granule cell layer. Scale bars: A, 200 m; B-E, 20 m. room temperature over 30 min. After two PBS washes (2 min each), samples were processed for fluorescence immunocytochemistry using the Mouse on Mouse basic kit (M.O.M.; Vector Labs). Briefly, samples were incubated with M.O.M. blocking solution for 1 h, washed twice with PBS and incubated with M.O.M. diluent solution for 10 min before overnight incubation at 4°C with antibodies in diluent. Sections were then washed three times for 15 min each with PBS before overnight incubation at 4°C with appropriate antibodies in diluent. Images were collected using either a Nikon Eclipse T800 microscope (objectives: 1ϫ plan Acro, 40ϫ plan Apo oil, 60ϫ plan Apo oil) coupled with an Orca ER or 285 CCD (Hammamatsu) or a Leica or Zeiss laser-scanning confocal microscopes (objectives: 10ϫ air and 63ϫ oil). Figures were prepared using Photoshop 7.0 (Adobe) and CorelDraw X3 (Corel). When comparing signal between different conditions, images were acquired and processed under identical conditions. Graphs and statistical analyses were produced using Prism 5.0 (Graphpad).
Immunogold electron microscopy. Tissue was processed as above through the application of primary antibody (anti-FMRP mAb 2F5-1). Secondary detection was with a goat anti-mouse conjugated to Ultra Small gold (1:50; Aurion). We confirmed that the gold-tagged and fluorescently tagged secondary antibodies had equivalent access to the primary antibody by visualizing the gold-conjugated secondary antibody with a donkey anti-goat Alexa546 tertiary antibody (data not shown). After three 2 h washes in PBS, the tissue was fixed in 2.5% glutaraldehyde in PBS for 2 d at 4°C. The tissue was then rinsed several times with PBS followed by enhancement conditioning solution (ECS) (Aurion), and the immunogold label was silver-enhanced for 90 min using Aurion R-Gent SE-EM enhancement kit. The tissue was washed in ECS followed by 0.1 M phosphate buffer and postfixed with 0.25% osmium tetroxide for 30 min. After phosphate buffer washes, the tissue was dehydrated through a graded ethanol series and infiltrated with Spurr's epoxy resin. Sections (50 -60 nm) were stained with uranyl acetate and lead citrate and examined using a Morgagni 268 transmission electron microscope equipped with an AMT Advantage 542 CCD camera system.
Immunogold particle counts. Sections from three animals (two wildtype, one fmr1 knock-out) were analyzed for presence and distribution of silver-enhanced gold particles. All tissue used for counting was processed in parallel at the same time. The two wild-type samples included 161 images covering 1380 m 2 and 159 images covering 2400 m 2 , respectively. The knock-out sample comprised 73 images covering 1984 m 2 . Assignments to presynaptic and postsynaptic specializations were based on proximity (Ͻ500 nm) to vesicle pools or PSDs, respectively. Assign- Conversely, relatively few FXGs were observed in dendrite-rich domains (arrowheads, A-F ) marked by MAP2 (red, E and F ). Immunogold electron microscopy showed that FMRP was localized in presynaptic specializations (arrow, G, H ). Scale bars: A-F, 10 m; G, H, 90 nm. ment to axons and dendrites were based on a number of factors, including how electron lucent the process was, its orientation and thickness, whether it tapered or was continuous with a cell body, and the presence/ absence of presynaptic or postsynaptic specializations elsewhere in the visual field. Qualitatively similar results were observed in immunogoldlabeled sections from three additional wild-type brains.
Immunofluorescence granule counts. Sections from wild-type and fmr1 knock-out animals were treated for immunostaining as detailed above. Images were sharpened in Photoshop to accentuate granules, with all images processed identically. Granules were counted manually, blinded to the condition. Granule counts were normalized to the total area of each collected image for cerebral cortex and hippocampus and to the area of the counted glomerulus for the olfactory bulb. For statistical analyses, n ϭ number of images or glomeruli, respectively. In the fxr2 knock-out, no FXGs were observed in any brain region of three separate animals. Thus, no counts were performed in these animals.
Methyl bromide treatment. Male Sprague Dawley rats were obtained from Taconic at 225-250 g body weight and exposed to methyl bromide at 275-300 g in accordance with a previously published procedure (Schwob et al., 1995; Iwema et al., 2004) . At various times after lesion, the rats were deeply anesthetized and perfused intracardially with phosphate-buffered 4% paraformaldehyde.
Results

FMRP is localized in axonal and presynaptic compartments
Since we were interested in the role of the Fragile X proteins during synaptic formation and plasticity, we first examined FMRP expression in the olfactory bulb, where axonal ingrowth and synapse formation persist throughout life (Graziadei and Graziadei, 1979; Shepherd et al., 2004; Mombaerts, 2006) . As shown in Figure  1 A, FMRP was expressed in virtually all neurons of the olfactory bulb including the granule, mitral, tufted and juxtaglomerular cells. Within these cells, the protein was most highly concentrated in the somata and the most proximal portion of the dendrites. The prominent expression in the somata and proximal dendrites is in agreement with FMRP expression reported for other brain regions (Bakker et al., 2000; Hoogeveen et al., 2002; Gabel et al., 2004) . FMRP was also expressed in the ensheathing cells of the olfactory nerve layer (Fig.  1 A; supplemental Fig. S1 A, available at www.jneurosci.org as supplemental material). Examination of the olfactory epithelium showed that FMRP was expressed by both mature (OMP positive) and immature (OMP negative) olfactory sensory neurons (OSNs) (Fig. 1 B) .
Further examination revealed a second class of FMRP-immunoreactive structures in the olfactory bulb. As shown in Figure  1C , FMRP is expressed in discrete granules in the olfactory nerve layer and glomeruli. These FMRP-containing granules were remote from the cell body and were not observed in the external plexiform (Fig. 1C) , mitral cell, internal plexiform, or granule cell layers (data not shown). As described in detail below, these FMRP-containing granules have several distinctive characteristics, including containing the FMRP homolog FXR2P (and in some regions FXR1P, see below). Therefore, we will refer to these structures as FXGs for the remainder of this report.
We performed a series of controls to verify the specificity of the FXG immunostaining. (1) FXGs were detected with antibodies 1C3, 7G1-1 and 2F5-1 ( Fig. 1C; supplemental Fig. S1 , available at www.jneurosci.org as supplemental material), each of which recognizes distinct epitopes on FMRP (Devys et al., 1993; Ceman et al., 2003; Gabel et al., 2004) . (2) None of the anti-FMRP antibodies recognized FXGs in sections from Fmr1 null brains (Fig.  1 D) (data not shown). (3) The lack of 2F5-1 immunostaining in the Fmr1 null tissue is in agreement with our previous Western blotting data showing that this antibody recognizes FMRP and does not cross react with FXR1P or FXR2P (Gabel et al., 2004) . 4) No signal was observed if an irrelevant IgG was substituted for 2F5-1 (Fig. 1 E) . Together, these results establish that FMRP is a bona fide constituent of FXGs.
The localization of FXGs in the olfactory nerve layer and glomeruli suggested an axonal and perhaps synaptic localization of FMRP. As a first test of this idea, we compared the localization of the FXGs to OMP, which in the olfactory bulb is expressed exclusively in olfactory sensory neuron axons. Figure 2A -C shows that FXGs are enriched in OMP-positive axonal subcompartments (arrows). In contrast, few FXGs were detected in dendritic subcompartments (marked by MAP2 immunoreactivity) (Fig.  2 D, E, arrowheads) . Notably, the FXGs were preferentially localized to the border between axonal and dendritic domains, the site of axodendritic synapses in the olfactory bulb (Kasowski et al., 1999). These immunofluorescence observations show that FXGs are selectively enriched in axonal subcompartments of the olfactory glomeruli and are consistent with their expression at synapses.
To determine the precise subcellular localization of FMRP we turned to ultrastructural analysis. Detection of the goldconjugated secondary with a fluorescent antibody indicated that this labeling was consistent with the labeling we saw at the light level (see Materials and Methods). Additionally, gold particles were observed only rarely in fmr1 knock-out mice (see below). Immunogold electron microscopy showed that FMRP is expressed presynaptically, with gold particles often observed in synaptic vesicle-rich domains (Fig.  2G,H, arrows) . Consistent with this presynaptic localization, FMRP immunoreactivity was also observed in axons of the olfactory nerve layer (supplemental Fig.  S2 A, available at www.jneurosci.org as supplemental material). FMRP labeling, at lower levels, was also associated with postsynaptic elements (supplemental Fig.  S3A , available at www.jneurosci.org as supplemental material). These observations demonstrate that FMRP is expressed in axons and in the presynaptic compartment in olfactory glomeruli.
Presynaptic, circuit-selective expression of FXGs in the hippocampus
We next examined FXG expression in the hippocampus, where synaptic organization is ordered and well defined. Genetic and electrophysiological studies have also demonstrated an important role for FMRP in this brain region (Huber et al., 2002; Huber, 2005, 2006) . We first surveyed the hippocampus at postnatal day 15 (P15), the period of peak synaptogenesis and plasticity (Harris et al., 1992; Fiala et al., 1998) . FMRP is expressed in the somatodendritic domain of neurons in all hippocampal areas (Fig. 3A) . In contrast, FXG distribution was restricted to the hilus of the dentate gyrus and area CA3 (Fig. 3 B, C; supplemental Fig. S4 A, available at www. jneurosci.org as supplemental material). In CA3, FXGs were expressed in the neuropil of the strata pyramidale (Fig. 4 A) , lucidum and oriens (see below). Within strata pyramidale and lucidum the FXG distribution mirrors the mossy fiber projection of the dentate gyrus granule cells. In support of this assignment, FXGs are colocalized with calbindin D-28K, which is expressed by mossy fiber terminals but not by CA3 pyramidal cells (Sloviter, 1989) (Fig. 4 B) . Interestingly, the polymorphic area of the dentate gyrus, through which the initial portion of the mossy fiber axons synapse and/or project, had relatively few FXGs (Fig. 3B) . This restricted distribution suggests a tight regulation in the localization of the FXGs to the zone in which mossy fiber synapses are present.
The close association and colocalization of FXGs with the calbindin-positive mossy fiber axons prompted us to examine this area of the hippocampus at the ultrastructural level. Immunogold electron microscopy of the proximal CA3 region revealed both presynaptic (Fig. 4C ) and postsynaptic (supplemental Fig.  S3B , available at www.jneurosci.org as supplemental material) FMRP localization. The specificity of the immunogold was labeling was confirmed by quantifying gold particles in sections from fmr1 null tissue (gold particle density of 0.18 and 0.24 particles per m 2 in two wild-type animals; compared with 0.0071 particles per m 2 in a knock-out animal) (see also Fig. 4 D; supplemental Fig. S5 , available at www.jneurosci.org as supplemental material). We next quantified FMRP localization by counting the number of silver-enhanced gold particles within CA3 stratum pyramidale of P30 mice (Fig. 4 D) . FMRP immunogold particles were prominently localized to mossy fiber synapses, which made up a relatively small proportion of the total area examined. In each animal examined, these particles were more abundant at mossy fiber presynaptic terminals than at postsynaptic sites (Fig.  4 D) . Consistent with our observations at the immunofluorescence level, gold particles were detected within somatic, dendritic and axonal compartments (supplemental Fig. S5 , available at www.jneurosci.org as supplemental material). Thus FMRP is localized to the presynaptic compartment in hippocampal area CA3. (arrows, A, B) , specifically concentrating within the areas containing calbindin-positive (red, B) mossy fibers, the axonal projections from granule cells of the dentate gyrus. Immunogold electron microscopy of FMRP demonstrates its presence in the presynaptic apparatus (C) within mossy fiber terminals. D, Quantification of FMRP immunogold labeling in wild-type and fmr1 null mice. FMRP immunogold particles were more abundant at the mossy fiber presynaptic terminals (1.2 and 1.7 particles per 100 m 2 ) than in the postsynaptic apparatus (0.65 and 1.2 particles per 100 m 2 ). A knock-out mouse exhibited 0.101 presynaptic particles and 0.0504 postsynaptic per 100 m 2 (see also supplemental Figs. S1, S2, S4, available at www.jneurosci.org as supplemental material). Scale bars: B (for A, B), 10 m; C, 90 nm.
We next asked whether FXGs are restricted to mossy fibers in CA3. In the stratum oriens of the CA3 field, FXGs were observed in a band beginning at the border of the outer blade of the dentate gyrus and extending partially into the fimbria (supplemental Fig.  S4 A, available at www.jneurosci.org as supplemental material) (data not shown). Immunogold electron microscopy confirmed that FMRP is associated with axons in stratum oriens (supplemental Fig. S2 B, available at www.jneurosci.org as supplemental material). Interestingly, there was no association of FXGs with the occasional calbindin-labeled mossy fiber axons that were present in the stratum oriens (data not shown). Thus, FXGs are present in a nonmossy fiber axonal population in stratum oriens.
Remarkably, FXGs were not observed in the rest of the hippocampus. We did not detect FXGs in CA1 (Fig. 3D ) or in the inner molecular layer of the dentate gyrus at any of the examined ages (P7-P160). In accord with these observations, presynaptic immunogold labeling was not detected in these structures (data not shown). Together, these data indicate that presynaptic FMRP is present in a subset of neural circuits within the hippocampus.
Region-and layer-selective expression of FXGs in the cerebral cortex
A survey of the cerebral cortex in the parasagittal plane at P15 revealed that FXGs are enriched in the frontal compared with the motor and visual cortices ( Fig. 5D ; supplemental Fig. S4 B-D , available at www.jneurosci.org as supplemental material). FXGs were most abundant in the neuropil between resident layer neuronal cell bodies in layers V and VI (supplemental Fig. S4 B-D , available at www.jneurosci.org as supplemental material), were not detected in layer I, and were present at low levels in layers II-IV (data not shown). As in other brain regions, somatodendritic FMRP was detected in neurons in all layers and in all regions of cerebral cortex examined (supplemental Fig. S4 B-D , available at www.jneurosci.org as supplemental material) (data not shown). Thus FXGs show both a region-and layer-selective expression in the cerebral cortex.
FXGs are developmentally regulated in cerebral cortex, hippocampus, and cerebellum
We next sought to determine whether FXGs are present throughout life or are characteristic of a defined developmental epoch. We surveyed FMRP expression in parasagittal sections of P15, P30 and P60 brains and quantified FXG density in deep cortical layers and in CA3 stratum oriens. FXG density was tenfold higher in P15 compared with P60 frontal cortex. Examination of P150 mouse brain confirmed this developmental trend: virtually no FMRP granules were detected at this age (data not shown). FXG density in both motor and visual cortex as well as CA3 stratum Figure 5 . FXG density is dynamically regulated during development. FXG expression was assessed at three developmental epochs: juvenile (P15), sexual maturation (P30) and adult (P60). In frontal cortex (A-C, D), motor cortex (D), visual cortex (D), and CA3 stratum oriens (E), a steady decline in granule density from juvenile to adult was observed. FXG density in frontal cortex declined from 0.25 Ϯ 0.01 FXGs per 10 m 2 (n ϭ 13) at P15 to 0.119 Ϯ 0.016 (n ϭ 13) at P30 and 0.023 Ϯ 0.004 (n ϭ 11) at P60. Motor cortex density declined from 0.127 Ϯ 0.010 (n ϭ 6) at P15 to 0.023 Ϯ 0.006 (n ϭ 6) at P30. Visual cortex decreased from 0.148 Ϯ 0.016 (n ϭ 6) at P15 to 0.023 Ϯ 0.010 (n ϭ 5) at P30. Stratum oriens of CA3 declined from 0.642 Ϯ 0.053 (n ϭ 14) at P15, to 0.176 Ϯ 0.021 (n ϭ 12) at P30 and 0.045 Ϯ 0.010 (n ϭ 10) at P60. In contrast, FXG density in the olfactory bulb at P15 was 0.718 Ϯ 0.063 (n ϭ 39), followed by a peak of 1.52 Ϯ 0.12 (n ϭ 42) at P30, and subsequently a decline to 0.776 Ϯ 0.081 (n ϭ 38) at P60. Number of animals: 3 for P15 frontal cortex and hippocampus; 2 for all other points. Scale bar, 20 m. Values expressed as mean Ϯ SEM.
oriens also decreased with age (Fig. 5 D, E) . This developmental regulation of FXG expression was also observed within the mossy fiber terminal field of CA3 stratum pyramidale (data not shown).
FXGs were also observed in the superficial molecular layer of the developing cerebellum, just deep to the external granule layer (P15) (supplemental Fig. S6 A, D , available at www.jneurosci.org as supplemental material). This location is where newly born granule cells are extending their axons and forming synapses (Landis, 1987) . Consistent with this, FXGs were seen to appose calbindin-expressing Purkinje cell dendrites (supplemental Fig.  S7 , available at www.jneurosci.org as supplemental material). FXGs were also detected in this location at P6 and P20 (data not shown). No FXGs were observed in cerebellum after the disappearance of the external granule layer (P30) (supplemental Fig.  S6 B, E, available at www.jneurosci.org as supplemental material) or in mature animals (P60) (supplemental Fig. S6C ,F, available at www.jneurosci.org as supplemental material). Together, these observations indicate that in neocortical, hippocampal, and cerebellar brain regions FXG expression is restricted to a discrete developmental time window.
FXG expression in olfactory glomeruli parallels synaptic maturation
The developmental profile of FXG expression in the olfactory bulb was unique among the brain regions studied: high levels were detected throughout the life of the animal (Fig. 5F ). The distinctive FXG expression pattern in olfactory bulb could reflect the natural history of this brain region: OSNs turn over at a high rate throughout life. The persistence of FXGs in the adult olfactory glomeruli thus raised the possibility that FXG expression might correspond to a particular epoch during which synapses made by these newly born neurons are forming and/or maturing. To test this hypothesis, we took advantage of the regenerative capacity of the olfactory epithelium. Exposing rats to methyl bromide gas ablates 90 -95% of olfactory sensory neurons, resulting in wholesale glomerular deafferentation (Schwob et al., 1995) . Regenerating neurons then project axons to the olfactory bulb and form new synapses in the glomeruli in a synchronized manner. Figure 6 shows that methyl bromide-induced ablation of OSNs resulted in an initial decline in FXG density in the olfactory glomeruli (6-fold lower than controls at 10d postlesion; p Ͻ 0.01, Dunnett's t test). This reduction in FXGs correlates with the loss of innervation in the glomeruli at this time (Schwob et al., 1999) . FXG density then increased, with a 2.5-fold "overshoot" peak observed at 4 weeks after treatment ( p Ͻ 0.01, Dunnett's t test). FXG levels returned to baseline by 5 weeks. Previous studies have shown that OSN axon outgrowth to the olfactory bulb is largely complete by 3 weeks postlesion. At 4 weeks, there is massive glomerular innervation and OSN maturation (Schwob et al., 1995 (Schwob et al., , 1999 . Thus FXG expression in this regenerating CNS neuropil is correlated with the period of synapse formation and refinement.
FXG composition
As a first step toward characterizing the molecular composition of FXGs, we asked whether they also contain the FMRP homologs FXR1P and FXR2P. The three Fragile X proteins constitute a family of RNA-binding proteins that are also capable of associating with one another (Corbin et al., 1997) . Double immunofluorescence showed that FXR2P is a component of virtually all FXGs in all brain regions examined (Table 1) . In hippocampus, the large majority of FXGs contained both FXR2P and FMRP, with relatively few harboring FXR1P (Table 1 ) (data not shown).
In olfactory bulb, virtually all FXGs contained FXR2P and FMRP, with a subset also containing FXR1P (Table 1 ) (data not shown). All three family members were detected in the majority of FXGs in frontal cortex ( Fig. 7; Table 1 ). FXR1P was also prominent in nucleoli and was observed in a separate class of granules that did not contain FMRP (Fig. 7A-C, arrowhead) . FXGs contained no detectable GW182, CYFIP1 or CPEB3, although all these antigens were readily observed in the somatodendritic domain (supplemental Fig. S8 , available at www.jneurosci.org as supplemental material). Together, these findings indicate that all FXGs contain FXR2P, with subpopulations containing FMRP and/or FXR1P.
FXR2P is required for FXG formation
As FXR2P is a component of essentially every FXG, we hypothesized that it might be critical for FXG formation. To test this idea we examined tissue from fxr2 null mice. Staining in the somatodendritic compartment for FMRP (Fig. 8C ) in the cerebral cortex was indistinguishable from wildtype ( Fig. 8 A) . However, no FXGs were observed in these fxr2 null mice (Fig. 8C) . These results demonstrate that FXR2P is necessary for FXG formation and that FMRP cannot compensate for its absence.
FMRP regulates FXG number
To assess the role of FMRP in FXG expression we examined fmr1 null mice. Somatodendritic expression of FXR2P was not detectably altered in these mutant mice (Fig. 8 D) compared with wild types (Fig. 8 B) . Strikingly, immunostaining with FXR2P (Fig.  8 D) revealed that FXGs are expressed in fmr1 null mice. However, FXG expression was dysregulated in the absence of FMRP. . FXG density during innervation and synaptogenesis in the regenerating olfactory system. Adult rats were treated with methyl bromide (MeBr), which ablates the olfactory epithelium and results in synchronized reinnervation and reformation of synaptic circuitry in the olfactory bulb (Schwob et al., 1995 (Schwob et al., , 1999 . FXG density was measured in olfactory glomeruli in untreated controls and at the indicated days post treatment (DPT). Control animals had 0.922 Ϯ 0.075 FXGs per 10 m 2 (n ϭ 61). At 7 and 10 DPT, as axons in the glomeruli are dying, the numbers fell to 0.261 Ϯ 0.061 (n ϭ 21) and 0.151 Ϯ 0.043 (n ϭ 21), respectively. By 14 DPT, as axonal reinnervation of the glomeruli is beginning, levels rose to 0.352 Ϯ 0.054 (n ϭ 35). At 21 DPT, as glomerular reinnervation is largely complete, levels rose to 0.789 Ϯ 0.100 (n ϭ 37). By 28 DPT, as axons are integrating into the circuit, FXG density rose to 2.36 Ϯ 0.20 (n ϭ 41). Levels returned to baseline by 35 DPT (0.938 Ϯ 0.127; n ϭ 24). MeBr treatment had a significant effect on FXG density ( p Ͻ 0.001, ANOVA). FXG density was significantly different from controls at 7, 10, 14, and 28 DPT ( p Ͻ 0.01, Dunnett's t test). Number of animals: 4 for control, 14 DPT, 21 DPT, and 28 DPT; 2 for all other points. Values expressed as mean Ϯ SEM.
While the region-specific pattern of FXG expression remained unchanged, the density within these brain areas was increased. Quantification of FXG density using FXR2P staining in wild-type and fmr1 knock-out mice revealed that there were 4.1-fold more FXGs at P15 and 3.5-fold more FXGs at P30 in the fmr1 knockout than in the control (Fig. 8 E) . Together, these data show that FXR2P and FMRP play discrete roles in FXG expression and regulation.
Discussion
The most striking features of FXGs are their localization to axonal and presynaptic compartments, restriction to a subset of brain circuits during defined developmental periods, absolute dependence on FXR2P and regulation by FMRP. All of these attributes distinguish FXGs from the ubiquitous pool of Fragile X proteins investing the somatodendritic domain. Here, we will discuss the evidence supporting the assignment of FXGs as a novel context for Fragile X proteins and the implications of these findings for FXS and autism.
Several lines of evidence support the conclusion that FXGs are predominantly localized to the axonal and presynaptic compartments of selected neurons. (1) FXGs are most abundant in neuropil, e.g., strata oriens and lucidum in hippocampal area CA3 as well as the glomeruli of the olfactory bulb (Figs. 1-4) . (2) FXGs are also observed in the axons in the hilus of the hippocampus and in the olfactory nerve layer ( Fig. 3B; supplemental Fig. S1 , available at www.jneurosci.org as supplemental material). (3) FXGs are enriched in the axonal/presynaptic compartments compared with dendritic domains of the olfactory glomerulus (Fig. 2) . (4) The number of FXGs in the olfactory glomerulus drops precipitously after ablation of olfactory sensory neurons (Fig. 6) . (5) Immunoelectron microscopy shows that FMRP is localized presynaptically in olfactory glomeruli (Fig. 2) and in hippocampal area CA3 (Fig. 4) . Importantly, we could detect postsynaptic FMRP by immunoelectron microscopy in many brain regions including olfactory glomeruli (Fig. 2) , hippocampal areas CA3 (Fig. 4) and CA1 (data not shown). However, we only observed presynaptic FMRP in those areas where FXGs were observed (e.g., olfactory glomeruli and area CA3). An earlier ultrastructural study (Feng et al., 1997 ) also reported postsynaptic and "rare" presynaptic FMRP in cerebral cortex, which is consistent with our immunohistochemical observations in this brain region ( Fig. 5A-D; supplemental Fig. S3B-D , available at www. jneurosci.org as supplemental material). Thus, FXGs correlate with presynaptic and axonal localization of the Fragile X proteins.
Several studies have provided evidence that local protein synthesis in growth cones can play a role in axonal growth and guidance (Willis et al., 2007; Cox et al., 2008; Lin and Holt, 2008) . Moreover, FMRP has been localized to growth cones in cultured neurons (Antar et al., 2006) . However, we saw little evidence for FXG localization in growth cones in the systems examined here. For example, FXG number in regenerating olfactory circuits peaked at the time of synapse formation and refinement, rather than during the earlier phase characterized by axonal growth 
ϩ, Present at wild-type levels; ϩϩ, density of granules upregulated relative to wild-type levels; Ϫ, not detected. FMRP, FXR1P, and FXR2P, were expressed in the somatodendritic region of virtually all wild-type neurons. FXGs were only detected in a subset of brain regions. FXR1P was predominantly restricted to FXGs in the cerebral cortex. See Results for details.
( Fig. 6) . Moreover, we observed few FXGs in area CA3 at P7, a time when growth cones are abundant. It is important to stress that these observations in no way preclude a role for non-FXGassociated Fragile X proteins in growth cones and axonal guidance. Indeed, there is little doubt that the Fragile X proteins are components of a variety of complexes (Jin et al., 2004; Zalfa et al., 2006) , each of which is likely to carry out distinct functions within the cell. The functions of FXGs at the presynaptic apparatus are not known, but one attractive idea is that they are involved in translation-dependent synaptic plasticity. Such presynaptic plasticity has been observed in cultured neurons for BDNF-mediated potentiation and for serotonin-induced long term facilitation (Zhang and Poo, 2002; Lyles et al., 2006) . The molecular mechanisms acting in these cases are not known. Mutations of dfmr1, the sole homolog of the Fragile X gene family in Drosophila, lead to abnormal structure and function of the larval neuromuscular junction. Genetic experiments indicate at least some of this role is in the presynaptic cell, potentially through interaction with MAP1b message (Zhang et al., 2001) . Notably, several of the known mRNA targets of mammalian FMRP encode proteins active in the presynaptic apparatus including Munc13, semaphorin 3F, NAP-22, SEC-7, RAB-5, ID3 and Cadherin 11 (Brown et al., 2001; Miyashiro et al., 2003) .
The developmental regulation of FXGs may reflect a linkage between neurogenesis and the expression of these granules. In hippocampal area CA3 as well as in cerebral cortex, FXG expression peaks at approximately P15 and then falls off rapidly, with almost no FXGs detected after P60 (Fig. 5) . Dentate granule neurons, which form the FXG-rich mossy fiber terminals in area CA3, show peak neurogenesis around P7 (Bayer and Altman, 1974; Schlessinger et al., 1975) . In the developing cerebellar cortex, FXGs are only detected during the developmental time window when granule cells are born, migrate and make initial synaptic contacts with Purkinje cells (P6 -P20) (supplemental Fig.  S5 , available at www.jneurosci.org as supplemental material) (Miale and Sidman, 1961; Altman, 1969) . Finally, the time course of FXG expression during regeneration of OSN afferents showed a similar discrete window of peak expression after neurogenesis (Fig. 6) (Schwob et al., 1995) . Together, these results argue that FXGs are expressed as newly generated neurons are making their initial synaptic contacts.
It should be noted that most neuronal types express few if any FXGs, regardless of developmental stage. For example, olfactory granule cells are born throughout life, but we did not detect FXGs in the external plexiform layer, where these cells form synapses (Fig. 1) . Furthermore, FXGs were not detected in hippocampal area CA1 at P7 or P15. Together, these results suggest that FXG expression is a function of both neuron age and type.
Our morphological and genetic experiments provide insights into the mechanisms of FXG formation and regulation. All FXGs express FXR2P (Figs. 7, 8) . Furthermore, FXR2P is necessary for FXG formation in all brain regions examined (Fig. 8) . In contrast, FMRP is not required for FXG formation, but serves as a negative regulator of their expression (Fig. 8) . Interestingly, while FMRP regulates the number and timing of FXG expression, its loss has no effect on the neuronal cell-type specificity of FXG expression. We were unable to test the role of FXR1P in depth, since mutants in this gene die at birth (Mientjes et al., 2004) , and this protein is present in multiple types of granules (Fig. 7) . Nonetheless, the FXR2P (B, arrows) . In age-matched fxr2 knock-out mice, no FXGs were detected with anti-FMRP (C). In age-matched fmr1 knock-out mice, a significant increase in FXR2P-containing FXGs was observed (arrows, D). Quantitation of FXR2P granules in P15 and P30 frontal cortex (E) showed that FXG density in fmr1 KO mice at P15 was 1.03 Ϯ 0.25 FXGs per 10 m 2 (n ϭ 9) compared with 0.253 Ϯ 0.034 (n ϭ 9) in wildtype. FXG density in fmr1 KO mice at P30 was 0.447 Ϯ 0.036 (n ϭ 9) compared with 0.127 Ϯ 0.013 in wildtype (n ϭ 9). Values expressed as mean Ϯ SEM. A two-way ANOVA confirmed an effect for both age ( p Ͻ 0.001) and genotype ( p Ͻ 0.001), as well as an interaction between the two ( p Ͻ 0.01). Number of animals: 4 for the P15 time points, 3 for the P30 time points. Scale bar, 10 m.
absence of FXR1P in most hippocampal and olfactory bulb FXGs of either wild-type or fmr1 mutants suggests that this member of the Fragile X family may play a less prominent role in these structures. Finally, the levels of FMRP and FXR2P in the somatodendritic compartment were unaffected in the fxr2 and fmr1 mutants, respectively (Fig. 8 ) (see also Bakker et al., 2000) . Thus, the mechanisms underlying Fragile X protein expression in FXGs are distinct from those in the somatodendritic compartment.
Fmr1 mutations cause FXS and are the most common single gene basis for autism. A host of recent studies support the view that both FXS and autism spectrum disorders are synaptic diseases (Huber et al., 2002; Zoghbi, 2003; Moretti et al., 2006; Chao et al., 2007; Morrow et al., 2008) . Although the nature of the synaptic abnormalities are likely to be diverse, it seems likely that many of these defects will involve experience-dependent plasticity in selected neural circuits during development. For example, over 50% of autistic patients show regression, where they are apparently normal until ϳ2 years of age. Moreover, the bestcharacterized physical sign of autism spectrum disorder is a transiently enlarged brain during early childhood, which might reflect a deficit in axonal pruning (Aylward et al., 1999; Courchesne et al., 2003) . Pruning defects, which must involve presynaptic elements, are also characteristic of FXS (Irwin et al., 2001) . We suggest that presynaptic defects, at least in part involving the FXG pathway, could be relevant to the etiology and treatment of FXS and autism.
